Abstract. The present study aims to validate lidar retrievals of cloud-relevant aerosol properties by using polarization lidar and coincident airborne in situ measurements in the Saharan Air Layer over the Barbados region. Vertical profiles of the number concentration of cloud condensation nuclei (CCN), large particles (diameter d>500 nm), surface area, and ice nucleating 
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• C). Cloud-processed Saharan dust particles may have changed their hygroscopic properties (higher κ value) so that their CCN efficacy increased. Laboratory studies with wet-generated dust particles (in contrast to dry-generated fresh dust particles) reported higher κ values (Koehler et al., 2009; Herich et al., 2009; Kumar et al., 2011b) . However, although the Saharan dust was transported over several thousands of kilometers across the Atlantic Ocean, observations suggest that the dust in the SAL remained nearly unprocessed (Lieke et al., 2011; Denjean et al., 2015; Weinzierl et al., 2017; Kandler et al., 2018 ) so that κ 5 should be closer to the value for fresh Saharan dust. Herich et al. (2009) concluded that the activation diameter for Saharan dust (dry generated) is most probably 200 nm at a supersaturation of 0.2%. This is confirmed by studies of Shinozuka et al. (2015) and Lv et al. (2018) .
The activation diameter for continental aerosol particles (fine-mode pollution) depends on their chemical composition. Kandler et al. (2018) found sulfate particles as a dominant contribution of continental pollution aerosol in the SAL, but the instrumentation 10 was not suitable to detect organics. Considering ammonium sulfate with a small contribution of less hydrophilic organic particles as continental aerosol within the SAL, a dry activation diameter of 100 nm at a supersaturation of 0.2% is a suitable estimate and therefore used in this study.
The very hydrophilic sea salt particles (sodium chloride) have an activation diameter of 70 nm (see Table 3 , at 0.2% supersaturation and 10
• C). Whereas Mamouri and Ansmann (2016) estimated a dry activation diameter of 100 nm based on literature.
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Going from 100 nm to 70 nm as activation diameter, would increase n CCN by a factor of approximately 1.5. In conclusion, we used a dry activation diameter of 200 nm for Saharan dust, and of 100 nm for continental and marine particles, assuming a supersaturation of 0.2%, in the SALTRACE studies.
The polarization lidar-photometer networking technique (POLIPHON) introduced by Mamouri and Ansmann (2014, 2017) delivers mass concentrations of fine and coarse mode dust, i.e, dust particles with diameter d<1 µm and d>1 µm, respectively 20 (see Table 1 ). The PLDR at 532 nm is used to separate the contributions of non-dust aerosol (PLDR=0.05), fine mode dust (PLDR=0.16), and coarse mode dust (PLDR=0.35).
Airborne in situ aerosol measurements
A full list and details of the instrumentation installed aboard the research aircraft Falcon of the DLR are given in Weinzierl et al. (2017) . Information on size-resolved particle number concentrations are obtained from condensation particle counters and opti-25 cal particle spectrometers. The condensation particle counters were operated at slightly different cutoff diameters around 10 nm.
The spectrometer setup included an airborne version of the Ultra High Sensitivity Aerosol Spectrometer (Cai et al., 2008; Brock et al., 2011; Kupc et al., 2018 ), a Grimm model 1.129 SkyOPC, and a Cloud and Aerosol Spectrometer (Baumgardner et al., 2001 ). The combination of these spectrometers covers the complete range of particle diameters from about 70 nm to 50 µm.
Particle number size distributions (NSDs) are derived from the entirety of these data using a consistent Bayesian inversion 30 method (Walser et al., 2017) . Here, the NSDs are approximated by trimodal log-normal distributions. In situ cloud condensation nuclei concentrations are measured with a Cloud Condensation Nuclei Counter (Roberts and Nenes, 2005; Lance et al., 2006) operated at a water vapor supersaturation of 0.2%. These concentrations are corrected for losses of large CCN at the aircraft's isokinetic aerosol inlet (Spanu et al., 2019) .
Lidar observations of SAL dust layering: Comparison days
Three cases of the SALTRACE summer-2013 campaign were selected for in-depth comparisons of lidar and aircraft observations: 22 June, 10 July, and 11 July 2013. The criteria for the selection were based on the low spatial distance between the lidar site and the Falcon aircraft (flight patterns in the Barbados region, see Fig. 1 ). The time-height displays of the range-corrected signal at 532 nm (cross-polarized component) shown in Fig. 2 indicate very homogeneous dust structures in the SAL on these 5 three days and thus good conditions for comparisons. Table 4 contains information about the measurement periods of the Falcon aircraft and the lidar including the mean horizontal distance of the Falcon from the lidar site and flight height levels.
Except for two flight legs, the mean distance was below 100 km. In the SAL, winds from eastward directions with a wind speed between 10 and 18 m/s prevailed leading to a dust transport of 35-65 km/h. The lidar profiles were averaged over 100-140 minutes which corresponds to a spacial average of 60-150 km considering the wind speed. Therefore, the Falcon aircraft and 10 the ground-based lidar observed in principle the same dust layer at these selected days.
A weak dust outbreak was observed on 22 June 2013 ( Fig. 2a-b) , belonging to the first out of four main dust periods during SALTRACE-1 (Groß et al., 2015) . The trajectories (not shown) indicate a possible dust uptake over days prior to the arrival at Barbados. In contrast to the later two cases, these air masses spent more time in the populated coastal region of west Africa (Senegal) and so the probability of anthropogenic influence was high.
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After the passage of the tropical storm Chantal (Weinzierl et al., 2017) , a strong and stable flow of Saharan dust towards the Caribbean established and lasted for more than 4 days (10-13 July 2013). We use the 10 and 11 July observations for the comparison study. The Saharan Air Layer (SAL) extended vertically from 1.8 km to almost 5 km height as shown in Fig. 2c -f.
As already discussed in Haarig et al. (2017a) based on backward trajectory analysis and the particle depolarization ratio measurements, pure dust conditions (with rather low probability of contamination with anthropogenic pollution) were given. The 20 dust traveled 5-7 days over the Atlantic Ocean.
Daytime lidar observations are used to have coincident measurements with the Falcon aircraft. Below 2 km height, trade wind cumuli disturbed the lidar measurements. Only the cloud-free profiles were used for the calculation of the backscatter coefficient and depolarization ratio. These quantities (at 532 nm) are shown for the three selected cases in Fig. 2 . Pure Saharan dust has a PLDR at 532 nm of 0.31±0.03 (Freudenthaler et al., 2009 ). The depolarization ratio (Fig. 2) indicates that not only dust not be performed at bright daylight conditions. In these cases, we had to use Raman lidar measurements after sunset to check the non-dust aerosol type in the SAL as well as in the marine boundary layer.
Lidar versus airborne in situ aerosol observations
We begin with comparisons of CCN concentrations (n CCN ) in Sect. 4.1. Particle number concentrations n 250 of large particles and surface area concentration s are then compared in Sect. 4.2. In Sect. 4.3, we show simultaneous observed profiles of fine 5 mode and coarse mode mass concentrations.
CCN profiles
In Figure 3 , the lidar-derived number concentration of CCN for dust n CCN,d (red line) and continental pollution particles n CCN,c (olive line) are presented. The total CCN number concentration n CCN (black line, lidar) can be compared with measurements of the cloud condensation nuclei counter on board the Falcon aircraft (black dots) at the same supersaturation. The lidar-10 derived n CCN values are up to twice as large as the in situ measured values. However, the lidar retrieval uncertainty (conversion factor uncertainty) is large (factor 2-3) and may be the reason for the discrepancies. In Table 5 , the vertically averaged values are compared. Besides the large retrieval uncertainty, other uncertainty sources may have contributed to the systematic bias between the lidar and airborne in situ observations: (i) The lidar conversion factors are derived for AERONET stations close to the Sahara. These conversion factors may not be applicable to aged dust after long-range transport, and may overestimate 15 the occurring accumulation mode dust particle number concentration and thus n 100,d . (ii) The used dust activation diameter (d dry =200 nm) may have been too low and the true one was much larger than 200 nm (see Table 3 , d=275 nm for fresh dust) and thus less dust particles were activated in the cloud condensation nuclei counter aboard the Falcon than estimated by lidar. 
INP-relevant aerosol profiles
In Figure 4a -c, the profiles of the sum of n 250,d and n 250,c are compared with the integral values of the particles number size distribution for d dry >500 nm measured on board the Falcon aircraft. The values usually stored for standard temperature and 25 pressure conditions are transformed to values for actual atmospheric conditions to be comparable with the lidar data. As can be seen, the in situ and lidar values agree well, except on 22 June and 11 July in the lower part of the SAL, where horizontal inhomogeneities in the dust load (see Fig. 2 ) may have partly caused the differences between the two measurements. The contribution of continental smoke and pollution aerosol to n 250 was less than 3% in the SAL during the strong dust outbreak on 10-11 July 2013 and about 10% on 22 June 2013. In total, there were less than 40 particles (d dry >500 nm) per cm 
Fine and coarse mode mass concentrations
As an additional feature to the CCN and INP profiles, the dust mass concentration can be derived from the lidar measurements separately for fine and coarse mode dust (see Table 1 Ragged Point, Barbados. Again a relatively large disagreement is found for the fine particle dominated quantities, i.e., the 20 fine-mode mass concentration. We can only speculate about the reasons. Wrong in situ particle counting or wrong conversion factors might be the reasons. However, a good agreement of the lidar products with AERONET observations is found and corroborates the quality of the lidar products. the Atlantic Ocean took around 2 weeks. We use the opportunity of the dust-smoke aerosol mixtures to highlight the strong impact of smoke on the CCN conditions. The transport of biomass burning smoke from Africa towards South America and the Caribbean during wintertime has been previously reported (Ansmann et al., 2009; Baars et al., 2011; Zuidema et al., 2018 ). An 30 indication for the strong smoke contribution to the measured backscatter signal was the relatively low particle depolarization ratio. Fine-mode smoke does not depolarize laser light (PLDR ≤0.05). Figure 6 gives an overview of the measurements on 3 March 2014. A lofted layer (1.6-3.1 km height) of dust and smoke was found above the marine aerosol layer reaching to 1.6 km height. The vertical profiles in Fig. 6b and c show mean values for the time interval from 22:30 to 23:20 UTC. The particle backscatter coefficient (Fig. 6b) is separated into a dust component and a non-dust component using the PLDR separation technique (Tesche et al., 2009 (Tesche et al., , 2011 . To estimate whether the non-dust component is of marine or continental origin, the extinction coefficient was calculated from the different contributions to the backscatter coefficient as shown in Ansmann et al.
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(2017). The dust-related backscatter coefficient was multiplied by the dust lidar ratio (S d =55 sr), and the non-dust backscatter coefficient by the lidar ratio for marine particles (S m =20 sr, contributing to the blue curve in Fig. 6c ) and for continental pollution particles (S c =50 sr, contributing to the green curve in Fig. 6c ). The sum of the extinction coefficient (dust + marine and dust + continental) is then compared with the total extinction coefficient (black curve in Fig. 6c ) derived independently with the Raman lidar method (Ansmann et al., 1992) . As can be seen, the lofted aerosol layer obviously contains a mixture of dust 10 and smoke, whereas the layer below is dominated by marine particles.
In the next step, n 100,d , n 50,c , and n 50,m (Fig. 6d) are computed, and the resulting n CCN (Fig. 6e) at 0.2% supersaturation is calculated. The continental pollution contribution to the CCN number concentration is 4 times stronger than the one from the dust aerosol. Thus, in the winter half year with significant smoke contribution from Africa, rather different CCN conditions are found across the Atlantic, compared to the summer dust layers, leading to changes in the trade wind cumulus cloud develop-15 ments compared to the summer months when dust particles are dominating the CCN reservoir.
In contrast, n 250 is dominated by mineral dust (Fig. 6f) . The contributions to the surface area concentration (Fig. 6g) . The results are added in Table 5 . (Fig. 7a) is almost 100% in summer during strong dust outbreaks and around 50% during the biomass burning season, which is in full agreement with AERONET observations. Dust dominates the aerosol mass concentration in the SAL (Fig. 7b) throughout the year, disregarding summer or winter conditions. In strong contrast, the smoke CCN concentration (Fig. 7c) strongly varies between summer and winter. CCN levels are 200-300 cm 
Summary and conclusion
We compared for the first time lidar derived concentrations of CCN, particle number (n 250 ) and total surface area with airborne in situ measurements in long-range transported Saharan dust. We found good agreement in the case of mass concentration 30 and n 250 which provides a confident input in the INP parameterizations by DeMott et al. (2010 DeMott et al. ( , 2015 . Differences were observed regarding CCN concentrations. The reasons for the differences cannot easily be fixed because many error sources can potentially contribute to the uncertainties. The assumptions in the lidar retrieval lead to an uncertainty range within a factor of (2019) are used. All conversion factors are given for a lidar wavelength of 532 nm. In the following, the indices d, c, and m represent the aerosol types dust (df -fine mode (r<500 nm), dc -coarse mode dust (r>500 nm)), continental and marine particles, respectively. The extinction coefficient is calculated as the product of the lidar ratio Si (Sd=55 sr, Sc=50 sr, Sm=20 sr) and the backscatter coefficient βi of the aerosol component i. NC and MC stand for particle number concentration and mass concentration, respectively. The density ρd of dust is 2.6 g/cm 3 .
Symbol Name Formula Unit Uncertainty
Mdf fine mode dust MC (r<500 nm) = ρd cv,df(Sdβdf) µg m −3
40-60%
with cv,df = 0.22 10 −12 Mm Mdc coarse mode dust MC (r>500 nm) = ρd cv,dc(Sdβdc) µg m −3
25-35%
with cv,dc = 0.8 10 −12 Mm n50,c NC with rdry>50 nm (cont.) = c60,c (Scβc)
Factor of 2 with c60,c = 12.7 cm −3 * , χc = 0.94
Factor of 2 with c100,m = 7.2 cm −3 * , χm = 0.85
Factor of 2 with c100,d = 4.12 cm −3 * , χd = 0.83 n250 NC with rdry>250 nm = c250,i(Siβi) cm The uncertainty in κ reaches up to ±0.02, especially for processed Saharan dust and organics. 
